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DEVFLOPMENT O F  A HIGH ALTITUDE STOKES FLOW DECELERATOR 
By Peter  G. Niederer 
A s t r o  Research Corporation 
SUMMARY 
A dece le ra to r  w a s  developed t h a t  ope ra t e s  a t  subsonic deny,;. 
c e n t  v e l o c i t i e s  up t o  a l t i t u d e s  of  80 t o  90 km. I t  c o n s i s t s  
of a f l a t  canopy wi th  an open mesh s t r u c t u r e  of widely spaced 
f ibers .  A theory i s  presented t o  descr ibe  t h e  mechanism o f  drag 
generat ion of  such a s t r u c t u r e  i n  a h ighly  viscous f l o w  f i e l d  
w i th  a low Reynolds number. Even highly tenuous f iber  meshes can 
have drag c o e f f i c i e n t s ,  based on t h e  e n t i r e  canopy a rea ,  t h a t  
approach un i ty .  Drop tests w e r e  conducted t o  v a l i d a t e  t h e  theory. 
A prel iminary design i s  given f o r  a parachute ,  r e f e r r e d  t o  a s  t h e  
"X-Brace Parachute".  Because of  i t s  l igh tweight  canopy unusually 
l o w  descent  v e l o c i t i e s  can be achieved and a high dynamic stab- 
i l i t y  is  expected. The maximum a l t i t u d e  f o r  subsonic descent  
v e l o c i t i e s  f o r  w i n d d r i f t e r s  without  payload is  a func t ion  of  t h e  
m a t e r i a l  th ickness  used f o r  t h e  canopy. P r a c t i c a l  w inddr i f t e r  
designs come c l o s e  t o  t h i s  maximum a l t i t u d e  l i m i t .  
INTRODUCTION 
A requirement e x i s t s  f o r  a dece le ra to r  sys tem-tha t  provides  
subsonic descent  v e l o c i t i e s  a t  a l t i t u d e s  up t o  about 90 km. I t  
is f u r t h e r  d e s i r a b l e  t h a t  t h e  system have equi l ibr ium descent  
v e l o c i t i e s  as cons t an t  as  poss ib le .  A s  a parachute  such a system 
provides a descent  veh ic l e  f o r  rocke t  launched, high a l t i t u d e  
atmospheric research  sondes. A s  a w i n d d r i f t e r  wi thout  any pay- 
load,  it provides  a wind-sensing device t o  be t racked by ground 
based o p t i c a l  o r  r a d a r  i n s t a l l a t i o n s .  Conventional parachutes  
f o r  such app l i ca t ions  genera l ly  show t h e  fol lowing de f i c i enc ie s :  
(1) Since they a r e  cons tan t  drag c o e f f i c i e n t  dece le ra to r s ,  
t h e i r  equi l ibr ium descent  v e l o c i t i e s  from 90 km down t o  sea 
leve l  vary by more than  two o rde r s  o f  magnitude. 
a l t i t u d e s ,  veloci t ies  are probably too great for 
A t  high 
good 
-- 
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measurement b u t  due t o  extremely low v e l o c i t i e s  through t h e  
lower atmosphere, t o t a l  descent  t i m e s  a r e  undesirably long. 
Experience shows deployment d i f f i c u l t i e s  a t  peak a l t i t u d e  
and a tendency t o  s t rong ly  o s c i l l a t i n g  descent  throughout 
t h e  h igher  a l t i t u d e s .  
Higher than  des i r ed  minimum v e l o c i t i e s  a t  high a l t i t u d e s  
a r e  t h e  r e s u l t  of  too heavy m a t e r i a l  gene ra l ly  used €or 
t h e  canopy (parachute  nylon, s i l k ) ,  
The concept of  t h e  Stakes Flow Parachute as developed by 
Astro Research Corporation is a new approach t o  the  design of  
aerodynamic dece le ra to r s .  S imi la r  t o  t h e  famous Stokes Flow 
Sphere (ref.  6, 5338, and ref. 7 ) ,  a c y l i n d r i c a l  f i b e r  produces 
a r b i t r a r i l y  high drag  c o e f f i c i e n t s  i nve r se ly  p ropor t iona l  t o  the  
Reynolds number based on i t s  c h a r a c t e r i s t i c  dimension (diameter) 
€or  small  values  of Reynolds numbers. This  f e a t u r e  l e d  t o  t h e  
concept of  a canopy cons t ruc ted  as an a r r a y  of  many s l ende r  
c y l i n d r i c a l  f i b e r s  t h a t  genera te  l o c a l l y  very high drag c o e f f i -  
c i e n t s .  A f i r s t  s tudy  devoted t o  t h i s  concept ( r e f .  1) indica-  
t e d  s t r i k i n g  weight savings and unprecedented low descent  velo- 
c i t i e s  i f  on ly  t h e  f i b e r  elements of  t h e  canopy a r e  chosen small  
enough and i f  they o p e r a t e  a t  low atmospheric d e n s i t i e s  (high 
kinematic  v i s c o s i t y ) .  Although it i s  expected t o  be b igger  i n  
i t s  o v e r a l l  s i z e  than a conventional parachute  canopy, such a 
canopy can be b u i l t  as a widely spaced mesh wi th  a low s o l i d i t y  
b u t  with a high t o t a l  drag up t o  a value corresponding t o  t h a t  
of  a f l a t  p l a t e .  
The p r e s e n t  r e p o r t  i s  a summary of a more r e f ined  s tudy 
d i r e c t e d  towards t h e  f e a s i b i l i t y  and the development of a decel-  
e r a t o r  s a t i s f y i n g  t h e  fol lowing genera l  design goals:  
Maximum a l t i t u d e  as given by t h e  requirement o f  a subsonic 
descent  v e l o c i t y  (e.g. 80 000 m t o  90 000 m ) .  
Descent ra te  as cons t an t  as p o s s i b l e  and with moderate t o t a l  
descent  t i m e s  (e.g. w i th in  one hour) .  
R e l i a b l e  r a p i d l y  func t ioning  deployment scheme, i f  necessary 
wi th  a deployment a id .  
S t a b l e  equi l ibr ium descent  wi th  good damping i n  i n i t i a l  
p i t c h i n g  and r o l l i n g  motion. 
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(6)  Small packing volume. 
( 7 )  Low c o s t  of manufacture. 
Low r a t i o  of parachute  weight t o  payload weight (e ,g ,  10%). 
Typical  design condi t ions  a r e  given by an equi l ibr ium descent  
v e l o c i t y  of  80  f t /s  = 24.4 m / s  a t  150 000 f t  = 45 800 m 
a l t i t u d e .  Typical  payloads vary from 1 l b  = 4.44 N t o  
1 0  l b  = 44.4 N .) An e j e c t i o n  a l t i t u d e  of  80 000 m t o  
100 000 m is considered poss ib le .  
The s tudy centered  around t h e  X - B r a c e  Parachute a s  a solu- 
t i o n  t o  t h e  problem, and was s p l i t  i n t o  t h e  fol lowing t h r e e  sub- 
programs: 
(1) Theore t i ca l  program - 
m a t e  drag generated by a low-sol id i ty  mesh s t r u c t u r e  i n  
subsonic flow normal t o  t h e  mesh a t  low Reynolds numbers, 
The theory was modified t o  t ake  r a r e f i e d  gas effect  i n t o  
account and can be extended t o  l o c a l  f r e e  inolecular f low 
condi t ions .  
A new theory was developed t o  esti- 
(2 )  Experimental program - A high a l t i t u d e  t e s t  chamber was 
developed f o r  drop tes ts  with low s o l i d i t y  mesh models. 
The primary purpose of these tests was t o  v a l i d a t e  t h e  drag 
c o e f f i c i e n t  e s t ima tes  of t h e  t h e o r e t i c a l  program. So f a r  
no l i t e r a t u r e  r e fe rences  have been found of s i m i l a r  measure- 
ments by o t h e r  authors .  
( 3 )  * Development program - Based on t h e  t h e o r e t i c a l  foundat ions,  
p re l iminary  design s t u d i e s  w e r e  made f o r  some parachute  
app l i ca t ions ,  t h e i r  performance was cha rac t e r i zed  and a 
l i m i t  of  a p p l i c a b i l i t y  of t h e  concept was es t imated .  
SYMBOLS 
A Cm" 1 t o t a l  d i s c  a rea ,  r e f e rence  a rea  
a Cm" 1 f r o n t a l  a r ea  of  a l l  t h e  f i b e r s  i n  t h e  d i s c  
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P 
e u2A 
- 
cD 
A. 2 0 
drag c o e f f i c i e n t  of  t h e  whole d i s c  
i 
i- 
drag c o e f f i c i e n t  of  a s i n g l e  f i b e r  
D [N] t o t a l  drag of  d i s c  
f i b e r  drag pe r  u n i t  o f  l eng th  D 
1 
d [ m i l  1 : Cml f iber  diameter 
a l t i t u d e  above sea l e v e l  
f i b e r  spacing 
Knudsen number 
H C f t l ;  Cml 
1- h Lml  
h 
d 
K = -  
nd  
L = ./A Cml 
R e  = - duo 
V 
0 
d 
s ide l eng th  of d i s c  
Reynolds number 
U 
0 
f r e e  stream v e l o c i t y  f o r  ahead of  d i s c  
U 1 [ 3 modified f r e e  stream v e l o c i t y  due to  t h e  
blocking e f f e c t  o f  t h e  f i b e r  a r r a y  
d i s c  s o l i d i t y  
i- 
x Cml molecular mean f ree  path 
kinematic v i s c o s i t y  Fl V 
a i r  dens i ty  P 
THE THEORETICAL PROGRAM 
Consider a f l a t  d i s c  of  a r b i t r a r y  cons is tency  i n  a normal 
1 
. ;  
_. 
I 
4 
flow condi t ion ,  The problem o f  c a l c u l a t i n g  i t s  drag can then be 
looked a t  i n  two way.s: 
(1) The t o t a l  drag c o e f f i c i e n t  C r e fe rence  to  i n f i n i t e l y  
0 
DA 
d i s t a n t  flow wi th  a stream v e l o c i t y  u . 
0 
produced by a s i n g l e  ele- cD ( 2 )  The l o c a l  drag c o e f f i c i e n t  
1 
ment r e f e r r e d  t o  l o c a l  f low condi t ions  wi th  a v e l o c i t y  u , . 0 
1 
Actuator d i s c  theory ( r e f .  2 and 3 )  based on momentum theory w e l l  
known throughout f l u i d  dynamics, l i n k s  t h e  two aspec t s  toge ther .  
It  s t a t e s  t h a t  t h e  l o c a l  e f f e c t i v e  v e l o c i t y  u i n  which the  
s i n g l e  f i b e r  elements are immersed i s  smaller than t h e  f r e e  
stream v e l o c i t y ,  u , due t o  a blocking e f f e c t  of t h e  f i b e r s  
present :  
1 
0 
The f l u i d  i s  assumed t o  be incompressible. The t o t a l  drag of 
t h e  d i s c  represented  by C is t h e  sum of  a l l  t h e  l o c a l l y  pro- 
duced drag c o n t r i b u t i o n s  represented  by 
t h e  formula 
0 
dA 
, as summarized i n  
1 
cD 
The s o l i d i t y  6 can be descr ibed as t h e  r a t i o  of  t h e  f r o n t a l  
a r e a  of  a l l  t h e  f ibers t o  t h e  a rea  of  t h e  whole disc:  
The l o c a l  drag c o e f f i c i e n t  
L 
5 
D 
-A  
2 1  
cD 1 
- 
I 
i (4) 
f o r  a s i n g l e  c y l i n d r i c a l  fiber o r  f l a t  f i b e r  is a func t ion  of  t h e  
l o c a l  Reynolds number 
R e  
V 
1 
d 
It can be shown (see e.g. ref. 6, 534.3, and r e f s .  8, 9 & 10)  t h a t  
f o r  a c i r c u l a r  cy l inde r  (diameter d ) and f o r  a f l a t  rib- 
3. 
cD 
bon (width d ) perpendicular  t o  t h e  flow is almost t h e  same 
f o r  s u f f i c i e n t l y  small  Reynolds numbers R e  
i ng  t o  Oseen-flow theory w e  g e t  f o r  t h e  C i rcu la r  cy l inde r  
< O . 2 ) .  Accord- 1 dl 1 
( 5 )  rl 
c 
and f o r  t h e  f l a t  p l a t e  i n  normal flow 
(6) 
81r - 
1 - d  1 ‘D - Red  (2.193 - 4nRe 
The d i f f e r e n c e  between these  two c o e f f i c i e n t s  is  neglected and 
a l l  t h e  subsequent estimates a re .based  on‘equat ion  5 .  Figure  1 
shows 
Figure  2 is  a summary o f  ac tua to r  d i s c  theory for  var ious  mesh 
s o l i d i t i e s .  It  can be c l e a r l y  seen tha t :  
. 1  
1 
f o r  a s i n g l e  i n f i n i t e  cy l inder .  
1 
d versus  R e  
1 
cD 
--l 
ob ta inab le  i s  uni ty .  This  value is  less 
0 
A cD 
(1) The maximum - 
u 
9 = 1.17 f o r  
FP 
cD than t h e  experimental ly  determined value 
a s o l i d  f l a t  p l a t e .  The discrepancy is due t o  t h e  f a c t  t h a t  
a c t u a t o r  d i s c  theory  i s  s t r i c t l y  v a l i d  on ly  for l i g h t l y  
6 
loaded d i s c s  wi th  C << 1 
0 
DA 
value can be reached by a r b i t r a r y  low 
A 
cD 
This  maximum 
0 
s o l i d i t i e s ,  
Choosing t h e  proper  Reynold’s number range for  a given 
s o l i d i t y ,  t h e  d i s c  e x h i b i t s  a v a r i a b l e  drag c o e f f i c i e n t  as 
des i r ed ,  ‘1 
i nc reas ing  a l t i t u d e  t h e  l o c a l  drag c o e f f i c i e n t  becomes 
a f f e c t e d  by r a r e f i e d  gas e f f e c t s .  Free molecular flow condi t ions  
exist  f o r  Knudsen numbers g r e a t e r  than  about 4. The Knudsen 
number is  def ined as t h e  r a t i o  of  t h e  molecular mean free pa th  
t o  t h e  f i b e r  width: 
h 
Kn - - d - d  (7)  
For t h e  whole mesh a c t u a t o r  d i s c  theory is  s t i l l  app l i cab le  1 
when Kn r e f e r r e d  t o  d i s c  s i z e  is  neg l ig ib l e .  Assuming small 
l o c a l  Mach numbers 
0 
U 
t h e  free molecular drag c o e f f i c i e n t  for  a c i rcular  c y l i n d e r  can 
be s i m p l i f i e d  t o  t h e  equat ion 
4.84 - -  
‘D - M 
1 L 
Very nea r ly  t h e  same r e s u l t  i s  obtained f o r  a f l a t  p l a t e ,  (see 
ref. 1). For t h e  t r a n s i t i o n  reg ion  o f  s l i p  f low [ 0.1 s, Knd 
for  continuum 
1 
cD . a  c o r r e c t i o n  depending on Kn is  appl ied  t o  d 
f l o w  (eq. 5) 
7 
p: 
F- 
I 
,- 
7 
(9) - 8T'i 'D - Red [ 2.003 - &med 
+ aKndl I. 1 1 
W e  o b t a i n  a = 3.48 by matching equat ion (9) for  large Knd 
wi th  equat ion (8). (For a d i scuss ion  of  r a r e f i e d  gas effects, 
see refs. 13, 14 and 15.) 
THE EXPERIMENTAL PROGRAM 
Figure  3 shows a schematic view of t h e  high a l t i t u d e  test  
chamber. The tubu la r  chamber is  1.83 m high and 0.49 m wide. 
Drop tests are photographical ly  recorded through two v e r t i c a l ,  
oblong windows placed a t  r i g h t  angles  t o  each o t h e r .  A s t robo-  
scopic  l i g h t  source i s  used t o  provide i n t e r m i t t e n t  i l l umina t ion  
of t h e  t es t  specimens. The chamber can be operated a t  any pres-  
s u r e  from atmospheric pressure  down t o  below 1 mm H g  . The 
mesh models can be simply released o r  they  can be acce le ra t ed  
i n t o  the  chamber by a pneumatically dr iven  airgun.  I n i t i a l  vel-  
o c i t i e s  of  1 6  m / s  can p r e s e n t l y  be achieved b u t  t h e  airgun can 
be e a s i l y  adapted f o r  h igher  v e l o c i t i e s  t o  s tudy h igher  Reynolds 
numbers. Table 1 compares t y p i c a l  f u l l - s c a l e  requirements f o r  
R e  and Kn wi th  some t e s t  s i t u a t i o n s  p o s s i b l e  i n  t h e  chamber. 
It  can be c l e a r l y  seen t h a t  t h e  tests can s imula te  Reynold's 
number o r  Knudsen number, b u t  it is  d i f f i c u l t  t o  s imula te  repre- 
s e n t a t i v e  v a l u e s - o f  bo th  numbers a t  t h e  same t i m e .  
F igu res  4 and 5 show two t y p i c a l  mesh models w i th  s o l i d i t i e s  
equal  t o  0.029 and 0.100 r e spec t ive ly .  The average diameter 
o f  t h e  s i n g l e  nylon m e s h  element i s  d = 9.23 l o w 6  m . The 
meshes a r e  mounted i n t o  c i r c u l a r  w i r e  frames 6 . 3 5  m wide 
w i t h  a w i r e  diameter comparable t o  t h a t  o f  t h e  mesh fiber. A 
l i t t l e  i r o n  "payload chip" w a s  necessary t o  s t a b i l i z e  t h e  drop 
tests. Some a d d i t i o n a l  tests wi th  t h e  frame-payload assembly 
alone (see f i g .  6) serve t o  s i n g l e  o u t  t h e  t r u e  mesh drag c o e f f i -  
c i e n t .  F igure  7 is  an example o f  a photographic record  of a 
drop test .  The f a l l i n g  model w a s  photographed by t w o  cameras i n  
a v e r t i c a l  row (upper p i c t u r e  - lower p i c t u r e ) .  The r e s u l t s  of  
t h e  t e s t  example are given i n  t a b l e  11. 
Figures  8 and 9 are a summary of  r e su l t s '  from drop tests for  
8 
- 
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TABLE I 
CHARACTERISTIC VALUES FOR EXPERIMENTS AND 
FULL SCALE APPLICATIONS 
corresponding 
a l t i t u d e  [ m l  
f iber  d iameter /  
IKnd 
FULL SCALE 
1 
45 800 90 000 
2,54 10-3 
0,018 10.1 
24.4 260 
6.5 0.172 
TABLE I1 
760 I 1 
0 45 800 45 800 
0 1 0.55 1 0.55 
I 1 
TEST RESULTS FOR MODEL 2-4-P 
T e s t  pressure 
E qu i  1 ibr i u m  veloci ty  
R e y n o l d  I s n u m b e r  
E x p e r i m e n t a l  d rag  coeff ic ient  
T h e o r e t i c a l  drag coeff ic ient  
P = 760 mm H g  
U = 0.57 m/s 
0 
R e  = 3.46 
0 
d 
= 0.44 cD 
A. 
= 0.41 
CDko 
-. . 
9 
! 
t h e  s o l i d i t i e s  0.029 and 0.10 . All t h e  t e s t  p o i n t s  are 
reduced t o  continuum flow condi t ions.  The scatter o f  t h e  test  
r e s u l t s  reflect  t h e  experimental  d i f f i c u l t i e s  encountered dur ing  
t h e  s h o r t  t i m e  available for  t h e  t es t  phase. 
s 
-7 , 
I 
i 
- 
I 
-" 
1 
i .... 
I 
Actuator d i s c  theory i s  f a i r l y  w e l l  confirmed f o r  l i g h t l y  
f a l l i n g  a t  atmospheric pressure .  The 
<< 'i 1 cDAo loaded meshes 
models reached t h e i r  equi l ibr ium v e l o c i t y  almost immediately, 
and t h e  drag c o e f f i c i e n t  could be determined from s t eady- s t a t e  
f a l l  condi t ions.  
The low p res su re  tests (p = 5 t o  1 mm Hg) wi th  high d i s c  
seem t o  confirm t h e  m a x i m u m  l i m i t  
to 7 loading  
of  u n i t y  f o r  t h e  drag c o e f f i c i e n t .  It has,  however, n o t  been 
p o s s i b l e  t o  r e f i n e  t h e  t es t s  s u f f i c i e n t l y  t o  e s t a b l i s h  a clear 
confirmation o f  t h e  t r a n s i t i o n a l  regime where Knudsen number 
e f f e c t s  become apprec iab le .  
i a l l y  affected by t h e  fol lowing f a c t o r s :  
i CDAo 
The q u a l i t y  of  t h e  tests w a s  espec- 
The models f e l l  a t  nea r ly  f ree  f a l l  condi t ions  i n  a vacuum 
c o e f f i c i e n t  had thus  t o  be computed from a measured r a t e  
of  t h e  vacuum free f a l l  value of 9.81 m / s 2  . 
is= ~~~~~~~~~~ desc n$ rate. Th 
It w a s  discovered during t h e  t es t s  t h a t  t h e  s t r o b e  l i g h t  
equipment w a s  badly  calibrated. This  e r r o r  could p a r t l y  be 
e l imina ted  by dropping a s teel  ba l l  simultaneously w i t h  t h e  
model. I f  t h e  drag o f  t h e  b a l l  is  n e g l i g i b l e  i n  comparison 
wi th  t h e  drag o f  t h e  model, t h e  b a l l ' s  descent  can be used 
as a "vacuum reference"  f a l l  w i th  a known a c c e l e r a t i o n  o f  
9 - 8 1  m/s2  . 
The models a r e  too  heavy (frame, suspension, payload) t o  
reach v e l o c i t i e s  c l o s e  t o  equi l ibr ium v e l o c i t y  wi th in  t h e  
l eng th  of  t h e  chambek. (Lighter  models which j u s t  have t o  
support  t h e i r  own weight should be designed i n  any f u t u r e  
program. ) 
With t h e  f iber  diameter used (d 3 . 6  m i l )  on ly  moderate 
Knudsen numbers (Knd f l  0.5) can be reached. Much smaller 
f iber  dimensions are p o s s i b l e  for  meshes made by electro- 
forming techniques (down to  0.25 m i l  diameters,  
KndN 7 
(5)  
f o r  t r u e  free molecule f low) .  
A m a r e  a ccu ra t e  c a l i b r a t i o n  o f  t h e  chamber would inc lude  an 
es t ima t ion  of  apparent  mass e f f e c t s  during nonsteady-state  
condi t ions ,  and an a n a l y s i s  of  e r r o r  due to  model descent  
pa ths  o f f  t h e  c a l i b r a t e d  c e n t e r  l i n e .  
THE X-BRACE PARACHUTE 
The X-Brace Parachute  c o n s i s t s  of  a square canopy deployed 
The four  canopy s e c t i o n s  between ad jacen t  
and r i g i d i z e d  by an X-shaped brac ing  system f ixed  d iagonal ly  
i n t o  t h e  square ne t .  
b race  l e g s  deflect  upwards t o  form con ica l  su r f aces  when i n  
opera t ion ,  (See f i g .  10.)  There a r e  two i n f l a t e d  t h i n  wal led 
b race  tubes,  each wi th  t h e  length  of  a f u l l  diagonal ;  one brace 
i s  f ixed  above t h e  network and t h e  o t h e r  b e l o w  it, A t o t a l  o f  
t e n  nylon suspension l i n e s  (one o r i g i n a t i n g  a t  t h e  end of  each 
brace,  one t i e d  a t  t h e  midpoint o f  each brace l e g ,  and one t i e d  
t o  each b race  tube  a t  t h e  canopy c e n t e r )  suppor t  t h e  payload a t  
a d i s t a n c e  equal  t o  one and one-half diagonal  l eng ths  below t h e  
canopy. The design of t h e  braces  is governed by t h e  requirement 
t h a t  they c a r r y  t h e  compressive load components due t o  t h e  aero- 
dynamic loading  o f  t h e  network and due t o  t h e  payload suspension. 
A f i n i t e  canopy rise angle  i s  requi red  between t h e  con ica l  sur -  
face of  t h e  sai ls  and t h e  p lane  of t h e  braces. Reference 5 sum- 
marizes optimum procedures f o r  t h e  design o f  t h e  braces. The 
photographs of  f i g u r e  11 show winddr i f t e r  models i n  f l i g h t .  
moderate canopy r ise  angle  of  4 5 O  
A 
can be achieved e i t h e r  by: 
(1) A f l a t  canopy design and a d ihedra l  angle  o f  approximately 
2 5 O  appl ied  t o  t h e  brace  l egs ,  o r  by 
(2) A f l a t  b race  system wi th  l a r g e r  s a i l s  between t h e  brace l egs  
For a given p ro jec t ed  canopy area 
performance, t h e  s i d e  l eng th  of t h e  s a i l  i s  
A = L2 and f o r  equal  
L' = 1,ll.L 
The t o t a l  canopy s u r f a c e  i s  then approximately 
11 
A' 1.2A 
A summary of  t h e  most prominent f e a t u r e s  of t h e  X-Brace  
Parachute includes t h e  fol lowing fou r  advantages over a conven- 
t i o n a l  parachute  design: 
A drag c o e f f i c i e n t  up t o  un i ty  can be achieved wi th  a sur-  
f ace  t o  pro jec ted-area  r a t i o  A'/A = 1.2 w h i l e . f o r  a con- 
vent iona l  parachute  C < 1.0 and A'/A 2 2 , 
0 
DA 
The X-brace canopy is  h ighly  stable due t o  a cen te r  of  
pressure  pos i t ioned  above t h e  cen te r  of  g r a v i t y  of  t h e  can- 
opy alone. T e s t  f l i g h t s  wi th  s m a l l  models a t  sea level  
confirm t h i s  p o i n t  (see f i g ,  11) , 
The braces a c t  as a p o s i t i v e  i n f l a t i o n  a i d  ensuring deploy- 
ment a t  high a l t i t u d e .  
A s u i t a b l e  i n i t i a l  p re s su r i za t ion  of  t h e  braces al lows t h e  
canopy t o  be gradual ly  col lapsed a t  predetermined a l t i t u d e s  
and thus  provides  a novel approach t o  t h e  "cons tan t  descent  
rate requirement" and shor tens  t o t a l  descent  t i m e s .  
The choice of t h e  mesh material depends on t h e  fol lowing 
considerat ions.  Theory states (see r e f s .  8, 9 and 10)  t h a t  t h e  
c ros s - sec t iona l  shape of a fiber i n  a h ighly  viscous f l u i d  i s  of 
secondary importance wi th  regards t o  drag generat ion.  It can 
thus  be expected t h a t  f i b e r s  wi th  minimum c ross  sec t ions  have t h e  
higher  drag t o  weight r a t i o s ,  F l a t  f i b e r s  can be made of t h e  
t h i n n e s t  a v a i l a b l e  l igh tweight  f o i l ,  Their  width is  l i m i t e d  by 
t h e  available techniques f o r  c u t t i n g  t h e  f i b e r s .  Table I11 and 
f i g u r e  12 summarize t h e  c h a r a c t e r i s t i c s  of  one poss ib l e  X - B r a c e  
Parachute design f o r  a 1 lb = 4.44N 
and a descent  r a t e  of  u = 80 f t / s  = 24.4 m / s  a t  150 000 f t  = 
45 800 m , The material used i s  an aluminized 0.25 m i l  Mylar 
f o i l  which i s  t h e  t h i n n e s t  f o i l  commercially ava i lab le .  F igu reU 
shows t h e  descent  t r a j e c t o r y  of t h e  sample design as a parachute .  
The descent  t r a j e c t o r y  of  a winddr i f t e r  wi th  t h e  same dimensions 
i s  est imated i n  f i g u r e  13. 
t o t a l  weight of  t h e  system, 
0 
12 
7 
! ’  
i- 
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THE X-BRACE PARACHUTE: A SAMPLE DESIGN 
D e s  iqn  Parameters : 
T o t a l  weight . . 
Descent rate . . 
A l t i t u d e  . . . .  
Canopy: 
Material . . . .  
Thickness a . . 
Tape width . . .  
Diagonal l eng th  
Pro jec ted  canopy 
Braces: 
Material . . . .  
Thickness . . .  
0 . .  
0 . .  
0 . .  
. . a  
0 . .  
0 . .  . . .  
area 
0 . .  . . .  
Brace tube r a d i u s  . . 
Brace p r e s s u r e  . . . .  
Collapsing a l t i t u d e  
Parachute  T o t a l  Weiqht: . . 
Payload Weight: . . . . . .  
Packing Volume: . . . . . . .  
(15% packing dens i ty ,  
braces are d e f l a t e d )  
Maximum Subsonic Al t i tude :  
Descent Time From 80 000 m 
t o  20 000: . . . . . . .  
. . 
. 
0 . 
0 . 
. . 
i. 
. 
. 
. 
W = 4.44N 
uo = 24.4 m / s  
45 800 m 
aluminized Mylar t apes  
0.25 m i l  
d = 100 m i l  = 2.54.10-3m 
24 = 6.06 m 
A = 15m2 
Mylar 
0.25 m i l  
r = 18.10-3m 
p = 1.25*10* N/m’ (1.81 p s i )  
~ 1 6  700 m 
0.44N 
4.ON 
v = 2.2 40-4m3 
81 000 m 
approximately 34 min 
. -. 
! 
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PERFORMANCE 
The equi l ibr ium descent  of  a 
LIMITS 
f a b r i c  whose drag supports  j u s t  
i t s  own weight r ep resen t s  t h e  minimum v e l o c i t y  obta inable  wi th  
t h a t  f a b r i c .  For winddr i f t e r s  e spec ia l ly ,  a material is des i r ed  
wi th  t h e  h ighes t  p o s s i b l e  drag t o  weight r a t i o ,  Tape f i b e r s  are 
p re fe rab le  t o  f i b e r s  of  c i r c u l a r  c ros s  s e c t i o n ,  The curves of 
f i g u r e  15  r ep resen t  estimates of  a l t i t u d e  f o r  which Mylar fabrics 
of var ious t ape  thicknes's  are capable  of support ing themselves a t  
sonic  speed. 
molecular flow. 
minimum s o l i d i t y  and minimum tape  th ickness ,  Cont rar i ly ,  optimum 
brace design cons idera t ions  suggest  t h e  use of s o l i d i t y  as h igh  
as poss ib l e ,  a s  long as t h e  brace  weight is  s i g n i f i c a n t  compared 
wi th  the  network weight,  The winddr i f t e r  der ived from t h e  sug- 
gested parachute  described above comes very c l o s e  t o  achieving 
subsonic opera t ion  a t  t h e  maximum a l t i t u d e  a t t a i n a b l e  wi th  
0 - 2 5  m i l  Mylar (see, a l s o ,  f i g u r e  13)- 
It is assumed t h a t  t h e  tapes  are l o c a l l y  i n  a f r e e  
The curves suggest  t h e  choice of  a network of 
CONCLUSIONS 
The t h e o r e t i c a l  basis f o r  a Stokes Flow Decelera tor  has  been 
e s t ab l i shed  and t h e  concept of  t h e  X - B r a c e  Parachute  as a p r a c t i -  
c a l  high a l t i t u d e  dece le ra to r  has  been developed. The low-weight 
and low-velocity design i s  capable  of opera t ing  i n  a v e l o c i t y  
region which cannot be reached by convent ional  parachutes ,  
approach is  made t o  t h e  "cons tan t  descent  rate" design goal  by an 
app l i ca t ion  of  ac tua to r  d i s c  theory and l o w  Reynold's number flow, 
and by gradual ly  l e t t i n g  t h e  support ing braces co l l apse  as lower 
a l t i t u d e s  are reached. 
An 
Fur ther  i n v e s t i g a t i o n s  of  t h e  fol lowing problems are recom- 
mended: 
(1) Pressu r i za t ion  o f  t h e  braces. I f  a l a r g e  packing volume is 
ava i l ab le ,  a gas  can be used. It is, however, more l i k e l y  
t h a t  a l i q u i d  which vaporizes  a t  peak a l t i t u d e  must be used 
t o  reduce packing volume. Freon 11 s e e m s  t o  have t h e  desired 
p rope r t i e s .  
14 
(2) Schemes for packing and i n f l a t i o n  of t h e  canopy. 
- 1  
i 
Astro Research Corporation 
Santa Barbara, Cal i fornia ,  November 4, 1966. 
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Figure 1. Drag Coefficient of a Single 
Infinite Cylinder 
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Figure 3. High-Altitude Test-Chamber Set Up 
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S o l i d i t y  : E = 0 . 0 2 9  
D i s c  diameter: D = 2.5 i n  = 6 . 3 5 0 1 0 - ~  m 
F i b e r  diameter: d = 3 . 6 3  m i l  = 9 . 2 3 0 1 0 - ~  m 
Weight: w "= 20 m g  
F i g u r e  4. D r o p - T e s t  Model With S o l i d i t y  of 0 .029  
21 
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S o l i d i t y  : E = 0 . 1 0  
D i s c  d iameter :  D = 2.5 i n  = 6 . 3 5 0 1 0 ~ ~  m 
F ibe r  diameter: d = 3.63 m i l  = 9.23*10-5 m 
Weight : W "= 30 mg 
Figure  5. Drop-Test Model With S o l i d i t y  of 0 .10  
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D i a m e t e r  of frame: D = 2 .5  i n  = 6,35010-~ m
D i a m e t e r  of w i r e :  A = 2 . 8  m i l  = 7.11*10'5 m 
D i a m e t e r  of suspension l i n e s :  
Weight: W 18 mg 
6 = 1 m i l  = 2 . 5 4 * 1 0 - 5  m 
Figure  6 .  Frame Model 
Upper Picture 
Test 66 
Disc model 2-4-P 
Solidity: 
Lower Picture 
E = 0*10 
Test run at atmospheric pressure 
Stroboscopic illumination at o = 600 rpm 
Equilibrium velocity: uo = 0,57 m/s 
Figure 7. Example of Drop Test 
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Figure 10. The Concept of t h e  X-Brace Parachute 
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I n  F l i g h t  
m “= 1.3.10-” kg, 
u ‘v= 0.68 m / s ,  
d 
DAo 
0 
Re 110, 
C 0.4 
0 
Laid Out F l a t  
(a)  Braces With Dihedral 
I n  F l i g h t  
m 2i 1,3.10-3 kg, 
u ’2 0.68 m / s  
0 
R e  2 110,  
0 
d 
C ‘2 0.4 
DAO 
Laid Out F l a t  
(b) Braces F l a t  
F igure  . - Winddrif ter  Model 
0.25 m i l  Mylar tapes 0.1 i n  w i d e ,  
0.33 x s ide l eng th ,  20% s o l i d i t y ,  
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!4y 1 ar  Tapes E = 0 . 2 0  
Canopy Side length  L = 3 . 8 7  m 
Area A = 15 m2 
r o t a 1  Weight W = 4 . 4 4  N 
Max. Subsonic 
). No = 1.0 
A l t i t u d e ,  H 
Figure 13. Descent Tra jec tory  f o r  Sample Parachute 
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E: = 0.20 
A = 15 m2 
Canopy Sidelength L = 3.87 m 
Total Weight W = 0.428 N 
Partial Collapsing 
1 
Max. Subsonic Max. Altitudt 
Altitude: 96,500 m 
20 40 60, I 80 100 
Altitude, H 
Figure 14. Descent Trajectory for Sample Winddrifter 
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Figure 1 5 .  Maximum Altitude €or Subsonic 
Descent Rates of Mylar Fabrics 
, of Various Tape Thickness 
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